Introduction
[2] While examining $1500 temperature profiles obtained throughout the open Gulf of Mexico seaward of the shelf break from PALACE floats (N. Wienders, G. Weatherly, and N. Romanou, Gulf of Mexico 900 meter circulation from PALACE floats, manuscript in preparation, 2003) (hereinafter referred to as Wienders et al., manuscript in preparation, 2003) , we noticed that many had temperature inversions particularly near the surface. Because these inversions were persistent (see later), we thought they were associated with fresher, less saline water; otherwise they would be unstably stratified, transient features.
[3] Possible sources of relatively fresh, less saline surface waters in the open Gulf of Mexico are (1) off-shelf squirts of coastal waters, (2) lenses of river water, (3) presence of subtropical North Atlantic water which has relatively fresh water above subsurface salinity maximum at the base of the surface layer [e.g., Fuglister, 1960] , the 50°W section, and (4) local rainfall. Of these, we are aware of only the first two, fresher layers due to coastal and riverine waters, being related with temperature inversions. Concerning the third possible source, the water above the subsurface salinity maximum which advects into the Gulf of Mexico (an example is shown later) is warm relative to the underlying water. and we are unaware of reports or instances of associated temperature inversions. Concerning the final possible source, we do not think rain is a likely source of relatively fresh surface water in the Gulf of Mexico because evaporation appreciably exceeds precipitation there [Hall, 1969] . We do not further consider possible relations of inversions with rainwater.
[4] Squirts of coastal waters have been reported for the open Gulf of Mexico [Nowlin, 1972; Clemente-Colon, 1980; Brooks and Legeckis, 1982; Ohlman et al., 2001] , and temperature inversions are evident in some of them [e.g., Brooks and Legeckis, 1982, their Figure 5a ]. Riverine lenses have not, to our knowledge, been reported in the open Gulf of Mexico, but they have been reported elsewhere (e.g., Amazon River water in the western tropical Atlantic [Ryther et al., 1967] and Orinoco River water in the Caribbean [Froelich et al., 1978; P. N. Froelich, personal communication, 2002] ). While Caribbean river lenses [Froelich et al., 1978] could conceivably advect into the Gulf of Mexico (note that the one reported in the Caribbean by Froelich et al. [1978] flowed in from the Atlantic), it seems that river discharge directly into the Gulf of Mexico is a more likely source of such lenses. In any event, temperature inversions are seen in riverine water layers in open ocean waters [e.g., Landis, 1971] .
[5] The above indicates that inversions are to be expected at times in the open Gulf of Mexico and that at least some are associated with less saline, coastal and perhaps riverine layers. The present study is noteworthy because, as is shown below, about half of these profiles revealed one or more temperature inversions, many (40%) of the inversions were persistent, and these inversions were seen throughout the Gulf of Mexico and throughout the year.
Data
[6] In April and August of 1998 a total of 17 PALACE floats were set in the Gulf of Mexico and drifted at 7-day intervals at $900 m depth (Wienders et al., manuscript in preparation, 2003) . The floats measured temperature (T ) on the way up to the surface after finishing each 7-day, deepdrift interval; they had no conductivity sensors. One float escaped from the Gulf of Mexico through the Florida Straits in December 2002, and the last temperature profile obtained in the Gulf of Mexico from the remaining floats was in March 2002. Although the floats were launched in the northern Gulf of Mexico (nine were launched off of Louisiana and eight were launched between the mouth of the Mississippi and West Florida), the profiles were fairly well distributed about the Gulf of Mexico (Figure 1) . A total of JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. C6, 3177, doi:10.1029 /2002JC001680, 2003 Copyright 2003 by the American Geophysical Union. 0148-0227/03/2002JC001680$09.00 1481 T profiles were obtained in water of depth >200 m, and it is these profiles which are considered here. (More float temperature and drift data is given by Wienders et al. (manuscript in preparation, 2003) ; the 1481 temperature profiles examined are currently available at http://www. ocean.fsu.edu/~georges/temps/index.htm).
[7] The floats sampled T every $5 m as they profiled for depths <100 m and every $10 m for depths >100 m. The thermistors resolved I to about 0.002°-0.004°C (J. T. Sherman, personal communication, 2002) and can be calibrated to a precision of about 0.005°C [Davis et al., 2001] ; however, it is their resolution rather than their precision which is of concern in this study. Figure 2d appear as subducted or recapped features not in contact with the surface layer.
Methods
[9] These two types of inversions are sketched in Figure 3 and labeled to clarify terms used in describing them. The inversions are between depths dr and dm, and because the inversion thicknesses dm À dr is generally thin (e.g., Figures  2a -2c ), dm will be taken to characterize their depths. The strength of the inversion is ÁT = tm À tr. Associated with the inversion is a layer above and including it of thickness h which is colder (and presumed fresher) than the water at depth dm. In Figure 3a this layer extends from the surface to depth dm, and in Figure 3b it is below the surface layer between depths dt and dm. Here h = dr À dt. The depth of these assumed fresher layers is taken to be dt + h/2.
[10] As a test of how well we characterize the layers solely from T, we examined some profiles of both T and salinity (S) in the Gulf of Mexico found in the World Data Base from the National Oceanographic Data Center [Conkright et al., 1998] . Two examples are shown in Figure 4 . Two things are evident from the T and S profiles in this figure: (1) The layer thickness estimated solely from T is about one third that estimated from T with S, and (2) a layer indicated as capped or subducted from T may actually be part of the surface layer when S is considered. Thus the layer thicknesses inferred here are likely underestimated, and some of the inferred capped or subducted layers may indeed not be so. Concerning the latter point, Wienders et al. (manuscript in preparation, 2003) found the thickest surface mixed layer depth in the Gulf of Mexico to be about 160 m. We think that layers inferred here as capped or subducted where the inversion depth is greater than about 160 m are probably correctly identified.
[11] We mostly present results when the inversions are considered as a group independently of their strength ÁT. We did consider inversions after they were divided into three roughly equally populated sub-groups by inversion strength: ÁT 0.010°C, 0.010°C < ÁT < 0.050°C, and ÁT > 0.050°C to see if their characteristics depended on their relative size. We found that the results for the inversions considered collectively usually applied to each subgroup, so we generally present the collective results. There were some differences, and these cases are noted.
[12] We checked to see if there were anomalies among the different floats in the frequency at which they sampled inversions and their strengths. We found no significant variation among the floats. For example, for the floats which surfaced at night, there was not a significant increase in the frequency of inversions of strength about 0.01°C; inversions of this strength have been elsewhere at night [e.g., Price and Weller, 1986; Brainerd and Gregg, 1993] .
Results
[13] In the 1481 profiles examined 867 inversions were found. Only ten inversions (1%) had a ÁT in the previously mentioned 0.002°C to 0.004°C resolution range of the thermistors, and none had a ÁT less than the resolution range ( Figure 5 ).
[14] About half (48%) of the profiles showed one or more inversions. Most of these (80%) had a single inversion, 18% had two inversions, and 2% had three inversions. Of the 867 inversions, about two thirds (66%) were at the base of surface layers like those shown in Figures 2a and 2b (also Figure 3a) with the remaining approximate third (34%) capped or isolated from the surface layer as in Figures 2c and 2d (also Figure 3b) .
[15] The locations of the profiles with inversions are the open symbols shown in Figure 1 . Regions of relatively many profiles are also regions of relatively many inversions. Specifically, the number of profiles and inversions is relatively high where the floats were launched (in the northeastern and in the north-central Gulf of Mexico) and in the southwestern Gulf of Mexico, particularly in Campeche Bay where some of the floats tended to spend much time. The southeastern Gulf of Mexico is a region where relatively many inversions were seen, and it is also a region where relatively few profiles were obtained.
[16] The inversions were seen more or less at all depths down to about 1000 m except for 250 m depths 450 m (Figures 6 and 7) . However, most of them, $96%, were relative shallow and seen above $160 m (Figures 6 and 7) . We noted earlier that the maximum depth of the surface layer was also $160 m. Thus most of the inversions appear to be associated with relatively light layers of fresher water floating in the surface layer. The inferred fresher layer thickness h associated with the inversions (compare Figure 3) varied from about 5 m to about 140 m (Figure 6 ) with an average of 32 m.
[17] A few ($3%) of the inversions were quite strong ÁT ! 0.5°C and the largest had ÁT = 3.8°C and was observed about 40 km from the mouth of the Mississippi River. Many of the inversions were not very large; for example, the median inversion strength was 0.024°C ( Figure 5 ).
[18] If an inversion was sampled, another was sampled again on the next profile at about the same depth in 40% of the cases and this was seen throughout the Gulf of Mexico (Figure 8 ). The floats typically drifted at depths several tens Figure 3 . Sketch of inversions and the fresher layer with which they are associated. (a) An inversion associated with a layer of thickness h which is exposed at the surface. (b) An inversion associated with a layer of thickness h which is isolated from the surface. The inversion is between depths dm and dr where the temperatures are tm and tr, respectively. The inversion strength ÁT = tm À tr. h is the thickness of the (presumed less saline) relatively cool layer above the inversion and is between depths dr and dt. tt is the temperature at depth dt.
of kilometers during their 7-day cycles (Wienders et al., manuscript in preparation, 2003) provided, of course, they were not grounded between profiles. (The profiles between the 200-m and 900-m isobaths in Figure 1 were from floats grounded at the start of a profile.) Thus the features sampled were often persistent (i.e., they were often sampled again 7 days later) and order approximately tens of kilometers in lateral dimension.
[19] The deep inversions, those seen below 160 m depth, differed somewhat from the inversions considered collectively (or equivalently the shallow inversions since $96% of them were shallow). When the deep inversions are considered as a sub-group, only 3% of them were resampled on the next profile by the same float. (Recall that for the inversions considered collectively 40% were resampled, however). Nonetheless, some of the deep inversions Top two panels show temperature and salinity along the section; a cool and fresh surface layer centered at distance 200 km is shown. Bottom panels are profiles of temperature, salinity, and density at stations 5 and 6 which are in the cool, fresh layer. In the temperature profiles h, the layer thickness, inferred from temperature alone for both stations is indicated (also see Figure 3 ). In the salinity profiles the layer thickness inferred from salinity h s is indicated for both stations. For both stations h s % 3h. Also, the layer h for station 6 is indicated as subducted while h s for this station indicates it is exposed to the surface. See color version of this figure at back of this issue. appeared to be persistent in that 15% were resampled on the next or next-but-one following profile, and one was sampled three times in a 1-month period.
[20] When the spatial distribution of the inversions on charts of the Gulf of Mexico is considered, a pattern emerges for the stronger ones, those with ÁT ! 0.50°C. These cluster in two regions: one on the continental slope within about 400 km of the mouth of the Mississippi River and the other in Campeche Bay (the open circles in Figure 8 ). About 60% of the river discharge into the Gulf of Mexico is from the Mississippi River, and about 20% is from 13 Mexican rivers, 11 of which flow into the Campeche Bay. (The interested reader can find their names, locations, and their collective discharges in the work by Hall [1969] ). If the Mississippi and the Mexican rivers flowing into Campeche Bay are the primary sources for the inversions, and if the strongest inversions are the newest ones and these are close to their sources, then from the above discharge rates, one would expect about 75% of the strongest inversions to be near the Mississippi River and about 25% in the Campeche Bay. This is close to the 80% near the Mississippi River and 20% in the Campeche Bay seen in Figure 8 .
[21] The river water discharge into the Gulf of Mexico is largest around March -April and smallest around late summer-fall (Figure 9 ). The inversions also showed seasonal variability with the most being seen around NovemberDecember and the least in June -July (Figure 9) . The approximately half-year lag between time of maximum river discharge and time of maximum occurrence of inversions in the open Gulf of Mexico appears to be related to a sequestering of coastal waters on the shelf in summer and export of this water to the open Gulf in the winter months which is seen in drifter observations ( Figure 10 Mexico (south of $25°N and east of $88°W) may have been in the Loop Current. To exclude inversions which may have been entrained from the surrounding Gulf of Mexico waters, profiles made in the outer edge of the Loop Current were not considered. Using altimeter-derived sea surface height maps of the Gulf of Mexico (R. Leben, personal communication, 2001 ) and AVHRR sea surface temperature maps of the Gulf of Mexico (available at http://fermi.jhuapl. edu/avhrr/gm/) to infer the location of the Loop Current, we conclude that 19 inversions in this region were in the Loop Current. None of these appeared as striking features, suggesting to us that they were older, eroded features far from their sources. Because the Loop Current sometimes meanders and forms rings which are trapped in the Gulf of Mexico [e.g., Sturges and Leben, 2000] , some of the other inversions reported here, more likely some of the weaker ones, may have advected in from the Caribbean Sea.
[22] We do not think the inversions are associated with the less saline water seen above a salinity inversion in water which advects in from the Atlantic. An example of this fresh surface layer is found in Figure 11 . As can be seen in this figure and in others we have examined, the less saline water above the salinity inversion is warm relative to the water underneath. To see if there might be something unusual about such fresh layers, we examined inversions obtained in the Loop Current and in Loop Current Rings. We thought such waters more likely to have least modified Atlantic water as they would be the more recent waters in the Gulf of Mexico brought in from the Caribbean Sea. The characteristics of the inversions found in 103 temperature profiles we judged to be made in the Loop Current and Loop Current Rings were essentially the same as for the inversions considered collectively.
Summary and Conclusions
[23] Evidence of temperature inversion in the open Gulf of Mexico is not new. What is unusual is how often they were seen and how wide spread they were. About half of the 1482 temperature profiles obtained seaward of the shelf break had one or more temperature inversions, a total of 867 inversions were seen, and inversions were seen throughout the Gulf of Mexico.
[24] One explanation for why inversions previously may have received little attention is that they are relatively rare in warmer months (Figure 9 ), when we suspect many of the historical hydrographic cruises were made in the Gulf of Mexico. As an example of the seasonal variability, we noted that about a third of the inversions had a strength ÁT 0.010°C, yet according to Figure 9 no such inversions were observed in July and relatively very few were seen as well in August and September.
[25] We have assumed the inversions are related to relatively fresh, less saline layers. This is supported by some earlier studies [e.g., Brooks and Legeckis, 1982, their Figure 5a ] and by some historical casts given by Conkright et al. [1998] (e.g., Figures 4 and 11 ) in the Gulf of Mexico. We think the 40% inversions resampled on the next profile from the same float, are indeed so associated. Otherwise they would be unstable, transient features.
[26] Most of the inversions ($96%) were shallow and found above $160 m depth, although some were found at more or less all depths down to the depth of the deepest measurements $1000 m. We think the deep, persistent inversions are also associated with less saline layers. Supportive of this conclusion is that we have found several relatively cool and fresh deep layers associated with temperature inversions in some historical casts in the Gulf of Mexico given by Conkright et al. [1998] ; one is shown in Figure 11 .
[27] If the deep, persistent inversions are manifestations of the cooler, fresher shallow layers, then downwelling in the Gulf of Mexico thermocline and/or sinking due to double-diffusive convective instabilities at the base of these cool, fresh layers could perhaps account for how they got down to where they were observed. Another, alternative possibility is that they could be layers rich in Antarctic Intermediate Water laterally advected in from the Caribbean Sea.
[28] The major source for these inversions appears to be the Mississippi River and 11 Mexican rivers which discharge into the Campeche Bay. The former accounts for about 60% and the latter accounts for about 20% of the total river discharge to the Gulf of Mexico [Hall, 1969] . The inversions showed a seasonal variability which appeared to lag that of the total river discharge by about a half year and this lag is consistent with result of surface drifts and models which show that in the Gulf of Mexico little ejection of coastal waters to the open Gulf occurs in the summer (when river run-off is large) and a lot occurs in the winter months. Top two panels show temperature and salinity along the section; a cool and fresh surface layer centered at distance 200 km is shown. Bottom panels are profiles of temperature, salinity, and density at stations 5 and 6 which are in the cool, fresh layer. In the temperature profiles h, the layer thickness, inferred from temperature alone for both stations is indicated (also see Figure 3 ). In the salinity profiles the layer thickness inferred from salinity h s is indicated for both stations. For both stations h s % 3h. Also, the layer h for station 6 is indicated as subducted while h s for this station indicates it is exposed to the surface.
